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The recent findings about two distinct quasiparticle inelastic scattering rates in angle-dependent 
magnetoresistance (ADMR) experiments in overdoped high-T c cuprates superconductors have mo- 
tivated many discussions related to the link between superconductivity, pseudogap, and transport 
properties in these materials. After computing dynamical self-energy corrections in the framework 
of the t — J model the inelastic scattering rate was introduced as usual. Two distinct scattering 
rates were obtained showing the main features observed in ADMR experiments. Predictions for 
underdoped cuprates are discussed. The implicances of these two scattering rates on the resistiv- 
ity were also studied as a function of doping and temperature and confronted with experimental 
measurements. 
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I. INTRODUCTION 

The way in which superconductivity (SC) occurs in 
high-T c cuprates challenges old concepts in condensed 
matter physics. The puzzling doping dome-shape for 
the superconducting critical temperature (T c ) is tied to 
the anomalous properties observed in the normal state. 
In underdoped (UD) the decay of T c with decreasing 
doping is correlated to the increasing pseudogap (PG) 
feature observed above T c . The so-called PG phase 
shows properties which are not expected to occur in 
Fermi liquids X The anomalous properties observed in UD 
weaken with increasing doping towards overdoped (OD); 
however whether the conventional Fermi liquid (FL) ap- 
plies in this doping region is controversial. Recent angle- 
dependent magnetoresistance (ADMR) experiments in 
OD T12201 brought insights to this discussion^"- These 
experiments, differently to the resistivity, have the advan- 
tage to separate the scattering rate (1/r) in two distinct 
components. While one component is isotropic (l/r^) on 
the Fermi surface (FS) and rather constant with doping, 
the other one is strongly anisotropic (l/r a ) and resembles 
the anisotropy of the PG showing maximum values near 
the antinode. Moreover, l/r a decreases with increasing 
doping and vanishes in highly OD samples. These and 
others experiments have been recently interpreted (see 
Ref.[E[ and references therein) in terms of that the PG 
phase is distint to SC, ended at the quatum critical point 
(QCP), and its fluctuations as the responsible for pairing 
and transport properties. The present paper shows that 
two scattering rates, with similar characteristics to those 
observed in ADMR experiments, are obtained from the 
t — J model. 

The paper is organized as follows. In Sec. II, a sum- 
mary of the method is given. The relationship between 
dynamical self-enegry contributions and the two inelastic 
scattering rates is shown. Sec. Ill contains the results. In 
subsection A results for high doping values are presented 
and compared with available experiments in this doping 



region. In subsection B predictions for low doping are 
studied and discussed. In subsection C the implications 
of the two obtained scattering rates on the resistivity are 
studied and confronted with measurements. Discussion 
and conclusion are given in Sec. IV. 



II. SUMMARY OF THE FORMALISM: 
INELASTIC SCATTERING RATE 

In leading order of large N expansion (TV is the number 
of spin components) the t — J model predicts a phase 
diagram with close similarities to the phase diagram of 
hole doped cuprates. 6 The pseudogap, which is associated 
to the flux-phase (FP), 7 competes and coexists with SC. 
The large- N mean-field treatment of the t — J model 
yields a quasiparticle (QP) dispersion 



€k — — 2 (£5 + rJ)(cos(k x ) + cos(k y )) 
+ At' 5cos{k x )cos(k y ) — \i 



(i) 



where the parameters t, t' and J are the hopping be- 
tween nearest-neighbor, next nearest-neighbor and the 
nearest-neighbor Heisenberg coupling respectively. The 
contribution r to the mean-field band and the chemical 
potential \i must be obtained self-consistently 8 from 



and 



JF ^2cos(k x )n F (e k ) 



(2) 



(3) 



where n F is the Fermi function, 5 the doping away from 
half-filling and, N s the number of sites. 
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Hereafter, t'/t = 0.35, J/t = 0.3, suitable for cuprates, 
are used and the lattice constant a of the square lattice 
is considered as length unit. 

In this approach, the mean-field homogeneous state 
becomes unstable when the static (uj = 0) flux suscepti- 
bility 

XfiuMM = (^) 2 [(8/J)r 2 - n(q, w )]" 1 (4) 

diverges. 9 In Eq.(4) II(q, uj) is an electronic polarizabil- 
ity calculated with a form factor 7(q, k) = 2r(sin(k x — 
q x /2) - sin(k y - q y /2)). 

In Fig. 5(b), disregarding SC, the solid line shows, in 
the doping-temperature (S — T) plane, the temperature 
Tp p which indicates the onset of FP instability. At Tpp a 
flux-mode (Imxfiux(q = ( 7r ? 7r )?^)) reaches uj = freez- 
ing the FP*2 At T = a phase transition occurs at the 
QCP placed at the critical doping S c = 0.17 (Fig.5(b)). 
Since the instability takes place at (7r,7r) the form fac- 
tor 7(q, k) transforms into ~ (cos(k x ) — cos(k y )) which 
indicates the d-wave character of the FP. Although the 
relevance of the FP for the physical case N = 2, for 
instance in the form of a phase without long-range but 
strong (i-wave short-range order, is under dispute, 10 the 
FP scenario possesses the main properties to be identified 
with the phenomenological d CDW proposal^ 

For discussing the quasiparticle inelastic scattering 
rate it is necessary to calculate self-energy corrections 
collecting 0(1 /TV) fluctuations beyond mean field. As 
showed in Ref.[12] the self-energy S(k, uj) contains contri- 
butions from six different channels and their mixing: The 
usual charge channel named 5R, a non-double-occupancy 
channel named 5X and, four charge channels driven by J. 
However, as discussed in Ref.[9[ and summarized below, 
the relevant contributions to £(k, uj) can be written as 

MS(k,w) = kS flA (k,w) + /mS/i UI (k,w) (5) 
where 

ImY, RX (k,uj) = ^2 {^ 2 Irn[D RR (€i,u - e k - q )] 

+ 2 Q Im[D XR (q,uj - e k - q )] + Im[ xx (q,uj - e k - q )}} 

x [n F (-e k - q ) + n B (uj - e k - q )} , (6) 

and 

ImY,fi ux (k,u) = -^-^2j 2 (q,k)Imxfiux(^uj - e k - q ) 

x [n F (-e k - q ) + n B (u) - e k - q )] (7) 

In the above expressions, Q = (e k - q + uj + /i)/2 and rip 
is the Bose function. 

The physical meaning of Eq.(5) is as follows. cor- 
responds to the usual charge (SR) sector, non-double- 
occupancy (£A) sector and the mixing of both. For J/t = 
0.3 there is no important influence of J-contributions in 



Yi R \ showing that the usual charge sector is weakly cou- 
pled to the J-channels. On the other hand, J-channels 
play an important role at low energy and low doping in 
the proximity to the flux phase instability. E// n:E (k, uj) 
(Eq.(7)) is obtained after projecting the self-energy on 
the eigenvector corresponding to the flux instability. 
Eq.(7) shows the coupling between carriers and FP fluc- 
tuations. For the explicit expressions of D RRl D\r and 
D xx see Ref.[I3. 

Motivated from above discussion and the results pre- 
sented below the two scattering rates 1/ti and l/r a (dis- 
cussed in the introduction) are associated to S^a and 
^fiux, respectively, as follows 

l/r (k F ) = -2ImZ f i ux (k F ,uj = 0) (8) 



l/r,(k F ) = -2ImZ RX (k F ,uj = 0) (9) 
where kp is a momentum on the FS. 



III. RESULTS 

A. Overdoped results: Comparison with ADMR 
experiments 

Fig.l shows, for two dopings and different temper- 
atures, l/r a (kF) and l/r^kp) on the FS labeled by 
the angle ranging from the antinode ((f) = 0) to the 
node ((f) = 7r/4) (see inset in panel (b2)). Note that 
S = 0.20 and S = 0.25 lay in OD as the samples studied 
in ADMR experiments. Similarly to the behavior ob- 
served in ADMR 2,3 1/r^ is very isotropic on the FS and 
l/r a is strongly anisotropic showing the maximum near 
the antinode. Note that l/r a follows, approximately, the 
proposed 2 -^ shape l/r a ~ cos 2 (2(f)) (dashed line in pan- 
els (bl) and (b2)). Ossadnik et al (Ref.[l3|]) have shown 
similar results for moderate onsite Coulomb repulsion on 
the Hubbard model in one loop renormalization group 
approximation. 

In Fig. 2 (a), < l/r a > and < 1/r^ > (where <> means 
the average on the FS) are plotted as a function of doping 
for a fixed temperature T/t = 0.01. This temperature is 
close to the reported T - 50K in Fig.2 of Ref.[3] if the 
accepted value t — OAeV is considered. As in the exper- 
iments, < 1/Ti > is only weakly doping dependent and, 
< l/r a > is strongly decreasing with increasing doping. 
Inset of Fig.2 (a) shows, in the S — T plane, that l/r a 
dominates over 1/r^ at low doping and low temperatures 
(blue region) while, l/r a dominates on the red region. In 
Fig.2(b), the ratio (< l/r a > / < 1/n >) at T/t = 0.01 
is plotted as a function of doping (solid line) and com- 
pared with the experimental data (solid circles) taken 
from Ref.[3[. Although the experimental data seem to 
decay faster than in the theory, both results show a simi- 
lar trend with increasing doping. Note that while theory 
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FIG. 2. (Color online) (a) < 1/n > and < l/r a > as a func- 
tion of doping at T/t = 0.01. The inset shows, in the 5 — T 
plane, that l/r a is larger than 1/n at low doping and low 
temperatures (blue region), in the red region 1/n is larger, 
(b) (< 1/t > / < 1/n >) ratio at T/t = 0.01 as a func- 
tion of doping (solid line). Solid circles are the experimental 



FIG. 1. (Color online) (al) and (a2) isotropic scattering rate 
1/n on the Fermi surface for S = 0.20 and S = 0.25 respec- 
tively, and for T/t = 0.03,0.02 and 0.01. (bl) and (b2) the 
same than panels (al) and (a2) for the anisotropic scattering 
rate l/r a . Dashed line in (bl) and (b2) is a guide for the eyes 
~ cos 2 (20) showing a similar trend for l/r . Inset in (b2) 
defines the angle (j) ranging for the antinode to the node. In 
the calculation of Xfiux, tj — 0.02t was used in the analytical 
continuation. 



predicts that l/r a becomes smaller than 1/n for S ~ 0.29 
(see also Fig. 2 (a)), the same occurs in the experiment 
for S ~ 0.26. Beyond a quantitative comparison it is im- 
portant to discuss about the physical interpretation. In 
Refs.[3| andQ it was claimed that l/r a vanishes just at 
the doping value where SC emerges from OD following 
dashed line in Fig. 2(b), concluding that the source for 
SC and for the anisotropic scattering rate is the same 
and associated to PG fluctuations. In present case l/r a 
is caused by the scattering between carriers and short- 
range FP fluctuations. Thus, since T,fi ux proves the prox- 
imity to the PG via the coupling between carriers and 
the soft flux- mode of momentum (7r,7r), l/r a is strongly 
anisotropic on the FS and decreases with increasing dop- 
ing beyond the QCP. However, SC comes from the in- 
stantaneous (no bosonic glue) short-range antiferromag- 
netic exchange J— ^ leading to a different origin for SC 
and the scattering rate. Finally, it is worth to mention 
that considering the error bars (Fig. 2(b)) l/r a could also 
decay following, for instance, dotted line which is nearly 
paralel to the theoretical predicted solid line. 

In Fig. 3 the temperature behavior of both scatter- 
ing rates is shown. At low temperature < 1/n >~ T m 
with m ~ 2 (Fig. 3(a)) for all dopings. A similar 
quadratic temperature behavior for 1/n was observed 
for the isotropic scattering rate in OD T12201. 2,4 In con- 
trast, < l/r a > (Fig. 3(b)) shows, at high dopings (see 
results for S = 0.27 and S = 0.30), a different behavior: 
At low temperature, < l/r a >~ T rn with m ~ 1 which 
is close to the T-linear law discussed in Refs.[2| and|4[ for 
similar dopings. Therefore, it is concluded that, besides 
the anisotroy on the FS, at high doping the temperature 
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FIG. 3. (Color online) (a) < 1/n > as a function of tempera- 
ture for several dopings. (b) The same than (a) for < l/r a >. 
The studied dopings are indicated in each panel. Arrows in 
(b) indicate the temperature where an upturn is observed for 
low dopings (see text). 



dependence for both, l/r a and 1/r^, agrees also, qualita- 
tively, with the experiment. 



B. Underdoped results: Possible predictions 

To the knowledge of the authors there are no ADMR 
experiments in the UD region, however for low doping 
(5 < S c ) the present approach shows predictions which 
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FIG. 4. (Color online) The same than Fig.l for the low doping 
values S = 0.14 and 5 = 0.15. With decreasing temperature a 
re-entrant behavior occurs near the antinode for l/r a (panels 
(bl) and (b2)). 



in principle can be tested by ADMR experiments if they 
are possible. With decreasing temperature < l/r a > 
shows an upturn below a given temperature (T up ) indi- 
cated by arrows (see results for 5 = 0.10, 0.12 and, 0.16 in 
Fig. 3(b)). T up increases with decreasing doping follow- 
ing the same trend (see dotted-dashed line in Fig.5(b)) 
than Tfp . Interestingly, although T up marks a smooth 
crossover and not a true phase transition, dotted-dashed 
line terminates at the QCP. 

While for large dopings l/r a decreases with decreasing 
temperature (panels (bl) and (b2) in Fig.l), for 5 = 0.14 
(Fig. 4(bl)) and 6 = 0.15 (Fig. 4(b2)), l/r a shows a 
reentrant behavior near the antinode. It is important 
to mention that the length from the antinode of the re- 
entrant (marked in Fig. 4(bl) and (b2)) expands with 
decreasing temperature and doping resembling the be- 
havior of the Fermi-arcs observed in angle-resolved pho- 
toemission spectroscopy^ 5 - (ARPES), i.e., when larger is 
the re-entrant length shorter the arcs. See last section for 
further discussion about a possible link between ADMR 
and ARPES experiments. 

Finally, Fig. 4 (al) and (a2) together with results for 
S = 0.10 in Fig. 3(a) show that the evolution of 1/ti 
from UD to OD is rather smooth. 



C. Resistivity 

In spite of intense studies the origin of the resistiv- 
ity in cuprates is far from closed. Whether the resis- 
tivity is composed by two different contributions with 
different temperature and doping dependence, 16 or a sin- 
gle contribution is currently under disputed Therefore, 
based on present results, it is worth to discuss a possible 
connection between the two scattering rates observed in 
ADMR and resistivity measurements. In first approxima- 
tion p = 4ir/uj%Ttot where l/r tot =< l/r a > + < 1/n > 



and Up is the plasma frequency. Using the obtained re- 
sults for l/rtot as a function of temperature (Fig. 5 (a)) a 

curvature mapping ( d ^? ot ^ ) in the S — T plane is pre- 
sented in Fig. 5(b) where positive (negative) curvature is 
indicated in red (blue). It is possible to divide the be- 
havior of l/rtot in two regimes, (a) S < S c : since at 
low temperatures l/r a dominates (inset in Fig. 2(a)), an 
upturn also occurs for l/r to t (Pig- 5(a)). Note that for 
1 / r to t the upturn is shifted to lower temperatures respect 
to the upturn of the isolated l/r a being more pronounced 
below dashed line in Fig. 5(b). A similar upturn for the 
resistivity was found experimentally ! 18 i 19 While Ando et 
al, for BSLCO, LSCO, and YBCO found a weak and 
negative curvature above the upturn temperature, Daou 
et al., reported a T-linear law for Nd-LSCO. In present 
case l/rtot ~ T m with m ~ 1.5 indicates a weak posi- 
tive curvature (light red region) closer to the results of 
Ref . [19| . At this point it is important to make the follow- 
ing remark. As discussed above the upturn is caused by 
the interaction between quasiparticles and short-range 
fluctuations of the FP. If long-range order sets in at 
Tpp, in the context of present approximation l/r to t is 
expected to diverge at Tpp. This divergence is due to 
the fact that FP fluctuations were not self-consistently 
included in Y,fi ux £& The inclusion of these fluctuations 
would weaken the upturn leading, for T < Tpp, to a d 
CDW metal, (b) S > S c : close to S c and at low tem- 
perature l/rtot shows a downturn (blue region in Fig. 
5(b)) which fades out, with increasing temperature and 
doping, faster than in experiment^ For larger dopings 
l/rtot shows a positive T-curvature. For low tempera- 
ture 1 / r to t could be approximated by a single power law 
l/rtot ~ T m . With increasing doping m increases from 
m ~ 1.2 near S ~ 0.20 to m ~ 2 at high doping (solid line 
in Fig. 6(a)). Similar behavior is widely discussed in the 
literature 17 and interpreted as the emergence of the FL in 
OD. The experimental values for m (solid circles) taken 
from Ref.[2l| were included for comparison, showing a 
rather good agreement between theory and experiment 
(see also Ref.[22j). 

The doping dependence of the resistivity is also im- 
portant. In Fig.6(b) the log(p) for Bi2201- 23 (circles) and 
for T12201 24 (diamonds) is plotted as a function of dop- 
ing (left axis) together with log(l/r to t) (right axis) at 
T = 200i\\ This figure shows that both, p and l/rtot-, fol- 
low similar doping dependence suggesting that the scat- 
tering rate is the main cause for the doping behavior of 
the resistivity. Comparing the scales of right and left axis 
it is possible to see that they are shifted by a constant 
C ~ 8, since C = log(An /uu^), then u p ~ leV which is 
somewhat lower but on the order of the experiment^ and 
also consistent with present dispersion €k (Eq.(l)). 

Finally, the resistivity for the high doping case 5 = 
0.40 is estimated. Using uo p = leV, p has the following 
similarities with measurements in high OD LSCO: 25 (a) 
For T < 50K, p - AT m with m - 2, while for higher 
temperatures m ~ 1.6. (b) The quadratic coefficient A 
is A ~ 4 nftcm/K 2 which is on the order of magnitude 



5 





0.1 5 C 0.2 0.3 0.4 



FIG. 5. (Color online) (a) The same than Fig. 3(a) and Fig. 

3(b) for < 1/rtot >• (b) Curvature mapping ( d ^^? ot ^ ) in the 
5 — T plane. Red (blue) region indicates positive (negative) 
curvature. 

reported in Ref.(25[. This high value of A, which is about 
two orders of magnitude larger than the expected value 
for conventional metals, supports the interpretation that, 
even at very high dopings, cuprates must be considered 
in the strong-coupling regime. 25 

In summary, considering that the experimental behav- 
ior of the resistivity is rather controversial^ 7 - and no exist- 
ing theory describing systematically all observed features, 
present results can be considered satisfactory. 



IV. DISCUSSION AND CONCLUSION 

In the framework of the t — J model in large N approxi- 
mation, dynamical self-energy corrections were computed 
beyond mean field. The existence of two distinct compo- 
nents for the quasiparticle inelastic scattering rate was 
shown. While one component is very anisotropic on the 
FS and disappears at high dopings, the other component 



is isotropic on the FS and rather constant with doping. In 
OD, the two components behave qualitatively similar to 
those observed in ADMR experiments. In addition, pre- 
dict ion^JojJUDj^gionwhich, i n principle, can be tested 
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FIG. 6. (Color online) (a) Estimated doping dependence 
of the temperature exponent m assuming the approximated 
form < 1/rtot >~ T m . Solid circles are taken from the ex- 
periment for comparison, (b) Logarithm of the experimental 
resistivity (log(p)) (left axis) and log (1/rtot) (right axis) as a 
function of doping at T = 200K. 

in ADMR experiments were discussed. 

The doping and temperature behavior of the estimated 
resistivity has similarities with the corresponding trans- 
port measurements concluding that the picture presented 
here may contribute on discussions about the origin of the 
resistivity and its possible link to the findings observed 
in ADMR experiments. 

It is known that the large- N expansion weakens anti- 
ferromagnetic fluctuations respect to charge fluctuations. 
However, it is important to mention that ADMR ex- 
periments were performed in the OD region where the 
large- N approach is expected to be more reliable. The 
observed agreement between experiments and theory is 
interpreted here as indication that, at least, part of the 
physics is captured by present theory. For instance, for 
high doping present calculation predicts p = AT 2 as ob- 
served in the experiments. Importantly, besides the tem- 
perature behavior, an unusual high value for the coef- 
ficient A is obtained in agreement with measurements. 
This is interpreted as an indication that, even in OD, 
strong coupling effects occur in cuprates. 

Before closing, a possible link between ADMR and 
ARPES experiments is discussed. It was recently shown 
that (a) Yifi UXl which proves the proximity to the PG, 
dominates at low doping and low energy leading to 
Fermi-arcs effects^ (b) T>r\, which contains non-double- 
occupancy effects of the t — J model, dominates at high 
energy leading to high energy features 27 which resemble 
the waterfall effects observed in ARPES ^ Thus, present 
paper suggests also a possible common origin for the fea- 
tures seen in ADMR and ARPES experiments. 
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